The phenylpropanoid pathway gives rise to metabolites that determine floral colour and fragrance. These metabolites are one of the main means used by plants to attract pollinators, thereby ensuring plant survival. A lack of knowledge about factors regulating scent production has prevented the successful enhancement of volatile phenylpropanoid production in flowers. In this study, the Production of Anthocyanin Pigment1 ( Pap1 ) Myb transcription factor from Arabidopsis thaliana , known to regulate the production of non-volatile phenylpropanoids, including anthocyanins, was stably introduced into The use of a regulatory factor that activates scent production creates a new biotechnological strategy for the metabolic architecture of fragrance, leading to the creation of novel genetic variability for breeding purposes.
Introduction
In nature, flower colour and fragrance are two of the main means adopted by plants to attract pollinators, thereby ensuring plant reproductive success (Hoballah et al ., 2007) .
These characteristics are also commercially important, in that they greatly influence not only the yield and quality of many crops, but also their commercial appeal. Flower scent is a composite character determined by a complex mixture of low-molecular-weight volatile molecules, classified by their biosynthetic origin into terpenes, phenylpropanoids and fatty acid derivatives (Croteau and Karp, 1991; Chappell and Jones, 1995; Dudareva et al ., 2004) . Several structural genes responsible for the formation of volatile compounds have been identified (van Schie et al ., 2006; Schuurink et al ., 2006) , including genes responsible for the formation of volatile phenylpropanoid and benzenoid compounds (Boatright et al ., 2004; Kaminaga et al ., 2006; Tieman et al ., 2006; Dexter et al ., 2007; Spitzer et al ., 2007) ; however, the precise biochemical steps determining the pathway are still largely unknown (Boatright et al ., 2004; Schuurink et al ., 2006) .
Although a moderate increase in volatile terpenoid production has been achieved in flowers and fruits via the ectopic expression of specific structural genes (Lucker et al ., 2006; Davidovich-Rikanati et al ., 2007) , no enhancement of floral volatile phenylpropanoid emission has been reported.
Limitations in the engineering of floral scent include a shortage of substrate availability, which restricts metabolic flow (Schwab, 2003; Lucker et al ., 2006) . Moreover, volatile production in plants often has a rhythmic pattern, and is thus limited to a certain period of the day. In Petunia axillaris , rhythms of volatile production are nocturnal, and have been reported to be both circadian and light controlled (Underwood et al ., 2005; Verdonk et al ., 2005; Schuurink et al ., 2006) . One intriguing way to increase the metabolic flow is to use transcription factors that control multiple steps in various branches of the pathway (Mahmoud and Croteau, 2002; Koes et al ., 2005) . However, knowledge about the regulation of flower scent biosynthesis is scarce (van Schie et al ., 2006; Schuurink et al ., 2006) and only a single transcription factor, ODORANT1 , has been shown to be involved in the regulation of volatile biosynthesis in flowers.
Furthermore, although the role of ODORANT1 in the production of phenylpropanoid scent compounds in petunia was revealed following RNA interference (RNAi)-mediated suppression, its ability to boost metabolic flow towards scent production remains to be investigated (Verdonk et al ., 2005) .
Another class of metabolites determining showy traits is the anthocyanin pigments, which derive from a well-defined branch of the phenylpropanoid pathway. Numerous structural and regulatory genes involved in anthocyanin biosynthesis have been extensively used for the genetic manipulation of flower colour (Winkel-Shirley, 2001; Chandler and Tanaka, 2007) . The regulation of anthocyanin biosynthesis has been shown to occur primarily through the action of Myb transcription factors (Koes et al ., 2005) . However, the activities of some of these regulators are not restricted to the anthocyanin shunt. For example, the Production of Anthocyanin Pigment1 ( Pap1 ) Myb transcription factor from Arabidopsis thaliana regulates the production of various non-volatile compounds via the activation of several branches of the phenylpropanoid pathway (Borevitz et al ., 2000; Harmer et al ., 2000; Sharma and Dixon, 2005; Tohge et al ., 2005; Xie et al ., 2006) .
A link between scent (volatile phenylpropanoids/benzenoids) and colour (anthocyanins) can be anticipated on the basis of their common biochemical origin, as well as their similar biological role, i.e. 'advertisement'. Indeed, diversion of metabolic flux from one branch of the phenylpropanoid pathway to another has been demonstrated . In this study, by introducing Pap1 transcription factor from Arabidopsis into petunia, the simultaneous enhancement of both branches of the phenylpropanoid pathway, i.e. those leading to the production of colour and scent in flowers, is demonstrated.
Results

Increased pigmentation and floral scent levels in
Pap1 -transgenic petunia Petunia hybrida cv. 'Blue Spark' was used because its flowers are pigmented, by contrast with the commonly studied white-flowering cv. Mitchell (W115) (Verdonk et al ., 2005) . 
Discussion
Since the isolation of the Pap1 transcription factor from Arabidopsis (Borevitz et al., 2000) , extensive studies of its effect on the transcriptome have shown its involvement in the regulation of several dozens of genes belonging to the phenylpropanoid pathway (Harmer et al., 2000; Tohge et al., 2005) . In Arabidopsis, the over-expression of Pap1 results in the accumulation of lignin, hydroxycinnamic acid esters and flavonoids, including anthocyanins, which impart a prominent purple colour to plant organs (Borevitz et al., 2000) . Ectopic expression of Pap1 in petunia, as described here and by Matousek et al. (2006) , also leads to a strong increase in anthocyanin content. Remarkably, volatile phenylpropanoid metabolism is also strongly affected by the over-expression of Pap1 in petunia flowers ( Figure 2 ). Increased volatile production in Pap1-transgenic petunia occurred within the previously reported innate rhythmic pattern of nocturnal volatile production found in control flowers.
The inability of Pap1 to alter the native pattern of scent production may be explained by the lack of another factor(s), such as regulators of gene expression acting in concert with
Pap1 (Zimmermann et al., 2004; Koes et al., 2005) , and/or a lack of substrate availability (Schwab, 2003) . Indeed, although in both control and Pap1-transgenic petunia flowers volatile emission peaked during the night, feeding of Pap1-transgenic flowers with Phe led to increased volatile emission during the day, reaching night-time levels, and abolished the nocturnal rhythm.
Volatile compounds derive from several branches of the phenylpropanoid pathway. Benzaldehyde represents a key intermediate in the coenzyme A (CoA)-independent, non-β-oxidative pathway which contributes to the formation of benzoic acid from cinnamic acid (Boatright et al., 2004) . The biosynthesis of vanillin has also been proposed to occur through the non-β-oxidative route, with benzaldehyde 4-hydroxy as 4, phenylacetaldehyde; 5, o-cresol; 6, p-cresol; 7, methylbenzoate; 8, benzaldehyde 4-hydroxy; 9, benzaldehyde 4-hydroxy 3-methoxy; 10, eugenol; 11, isoeugenol; 12, benzaldehyde 3,4-dimethoxy. an intermediate (Podstolski et al., 2002) . Phenylacetaldehyde biosynthesis, by contrast, has been shown to occur directly from Phe in a reaction catalysed by a single enzyme (Kaminaga et al., 2006) . Increased production of phenylacetaldehyde in transgenic petunia flowers could be explained by the activation of Paas, as revealed by the increased levels of its transcript. The enhanced biosynthesis of other volatiles (benzaldehyde, vanillin and its derivatives), as well as anthocyanins, could be attributed to the activation of several genes, i.e. those involved in the skeleton (Pal and C4h) and specific branches (F3h and Dfr) of the phenylpropanoid pathway (summarized in Figure 5 ).
The importance of Pal and C4h coupling for efficient allocation of carbon into the phenylpropanoid pathway has been demonstrated in bean and tobacco plants Schuurink et al., 2006) . These reports described a negative feedback loop of phenylpropanoid metabolism caused by trans-cinnamic acid, a phenomenon which has also been documented in pharmacological assays . Furthermore, the synergistic effect of poplar PAL, C4H and the C4H redox partner cytochrome p450 reductase on phenylpropanoid metabolic flow has been demonstrated in yeast (Ro and Douglas, 2004) . The lack of enhancement of volatile emission in non-transgenic petunia flowers following Phe feeding also supports the possibility of a negative feedback loop caused by the accumulation of intermediates in the (Aharoni et al., 2003; Chen et al., 2003) . Moreover, no information is available on the involvement of Pap1 homologues (Mathews et al., 2003; Borovsky et al., 2004; Hoballah et al., 2007) in scent production in other plant systems. The petunia Pap1 homologue Anthocyanin2 (An2) may not be a true orthologue, as it is responsible for the expression of late anthocyanin genes (Quattrocchio et al., 1999) , whereas Pap1 in Arabidopsis also up-regulates early genes from the pathway (Borevitz et al., 2000; Tohge et al., 2005) . Notwithstanding, the ectopic expression of An2 in Petunia axillaris does not affect volatile phenylpropanoid production (Hoballah et al., 2007) .
The concomitant effect exerted by Pap1 in petunia flowers on two showy traits, colour and scent, may reflect an endogenous regulatory link between these functionally complementary metabolic pathways. The co-ordinated regulation of metabolic branches within a pathway (e.g. flavonoids and sinapate esters), or even of distinct biochemical pathways (e.g. flavonoids and carotenoids), leading to the production of secondary metabolites that share a biological role, has been reported previously (Li et al., 1993; Davuluri et al., 2005; Lewinsohn et al., 2005) . Moreover, the co-regulation of 
Experimental procedures
Plant material
Petunia hybrida cv. 'Blue Spark' (Danziger-'Dan' Flower Farm, Mishmar Hashiva, Israel) was used for the generation of transgenic plants. Plants were potted and grown in the glasshouse under 22 °C/16 °C day/night temperatures and a natural photoperiod (1500-1700 and 500-1200 µmol/m 2 /s in the summer and winter, respectively) for 2 years in Rehovot, Israel. Control non-transgenic plants were randomly intermixed with the transgenic lines.
Experimental design and statistical analysis
Unless otherwise indicated, petunia flowers were collected at 23.00 h on the first night post-anthesis. For developmental analysis, buds and flowers were analysed 120, 72 and 24 h pre-anthesis (stages -5, -3 and -1, respectively), and 24, 48 and 72 h post-anthesis (stages 1, 2 and 3, respectively). For day/night experiments determining the steady-state internal pool sizes of volatile and non-volatile phenylpropanoid compounds, tissue was collected at two time points: 11.00 and 23.00 h. Headspace collection for day/night experiments was conducted at 08.00-16.00 and 16.00-08.00 h, respectively.
For headspace analysis and determination of the internal pools of volatile and non-volatile phenylpropanoid compounds (including anthocyanin content), at least three independent experiments (n = 3), each with at least three replicate samples, were performed during the course of 2 years. Each sample consisted of three to four detached flowers collected from six 2-month-old petunia plants. Statistical analysis was conducted on the means of independent experiments. When either two-way or multifactor analysis of variance (ANOVA) was used, interactions between treatments were calculated. When interaction was non-significant (P > 0.05), the overall effect of the treatment is reported. When interaction was significant (P < 0.05), Tukey's all pairwise contrast tests (as detailed in the figure legends) were used to compare the effects of combined treatments. All statistical calculations were performed using JMP IN 5 (JMP IN Software, SAS Institute Inc., Cary, NC, USA).
Construction of chimeric gene and plant transformation
Pap1 (GENBANK accession no. AF325123) coding for Myb transcription factor was cloned from Arabidopsis 'Colombia' DNA using the PCR primers 5′-ATCTGCAGACTTATACCTTTTACAATTTGTTTA-3′ and 5′-TCAAACTGCAGAAACTAAGCCCA-3′. The amplified fragment was inserted into a pCd shuttle vector between the CaMV 35S promoter and octopine synthase (OCS) terminator, and the entire construct was then inserted into binary vector pCGN1559 containing the neomycin phosphotransferase II gene (NptII) (Guterman et al., 2006) . The construct was transferred via Agrobacterium tumefaciens to petunia cv. 'Blue Spark' using the standard leaf disc transformation method (Guterman et al., 2006) .
RNA analyses
Total RNA (10 µg) was isolated from control and transgenic plants (S1), fractionated through a 1% formaldehyde gel and transferred to a Hybond N+ membrane (Amersham-Pharmacia Biotech, Little Chalfont, Buckinghamshire, UK).
32
P-labelled Pal (GENBANK accession no. AY705976) (Rediprime; Amersham-Pharmacia Biotech) and S-adenosyl-L-methionine:benzoic acid/salicylic acid carboxyl methyltransferase (Bsmt1, GENBANK accession no. AY233465) PCR fragments served as probes. Blots were hybridized in buffer containing 0.263 M Na 2 HPO 4 , 7% (w/v) sodium dodecylsulphate (SDS), 1 mM ethylenediaminetetraacetic acid (EDTA) and 1% (w/v) bovine serum albumin (BSA) at 60 °C, washed twice in 2 × standard saline citrate (SSC), 0.1% SDS at 60 °C for 20 min each, and exposed to X-ray film (Fuji, Tokyo, Japan) with two intensifying screens at -70 °C. For semi-quantitative RT-PCR analyses, total RNA was treated with RNase-free DNase (Promega, Madison, WI, USA), and cDNA was generated using oligo(dT) 15 primer and M-MLV RT (both from Promega). Control samples were generated without the addition of RT to the reaction. The primers used for semi-quantitative RT-PCR experiments are shown in Table 1 . cDNA amplification was conducted with an initial denaturation step of 94 °C for 3 min, followed by 26-30 cycles of 94 °C for 10 s, 62 °C for 10 s, 72 °C for 20 s, and a final elongation step of 72 °C for 10 min. Actin cDNA was used as a reference for the standardization of cDNA amounts in the reactions with different petunia lines. To confirm that the analysed samples were not contaminated with DNA, PCR amplification was also conducted with samples generated without RT.
Collection and extraction of volatile compounds
For headspace analysis (Guterman et al., 2006) , flowers were weighed and volatiles were collected using an adsorbent trap consisting of a glass tube containing 200 mg of polymer Porapak Type Q (80/100 mesh; Alltech, Deerfield, IL, USA) held in place with plugs of silanized glass wool. Trapped volatiles were eluted using 3 mL of hexane, and 2 µg of isobutylbenzene was added per sample as an internal standard for each.
To determine the pool sizes of volatile compounds in corolla limbs, tissue (0.5-1.5 g fresh weight) was ground in liquid nitrogen and extracted in hexane (4 mL/g of tissue) containing 0.5 µg/mL isobutylbenzene as internal standard. Following overnight incubation with shaking at 150 r.p.m., the extract was centrifuged at 10 500 g for 10 min and the supernatant was filtered through a 25-mL syringe with a 0.2-µm sterile nylon filter. To assess whether the bound form of benzaldehyde accumulates in petunia limbs, tissue (0.6 g) was incubated with 9 mL of phosphate citrate buffer pH 4.5, with or without 15 units of glucosidase mixture Novarom G (Novo Nordisk Ferment Ltd., Bagsvaerd, Denmark), at 37 °C overnight, and then transferred to -20 °C to stop the enzymatic reactions. Hexane (10 mL) containing 0.5 µg/mL of isobutylbenzene as internal standard was added to each sample and, following vortexing, the upper phase was recovered.
To evaluate the effect of Phe feeding on volatile production, control and Pap1-transgenic flowers were collected at 08.00 and 16.00 h, placed in a glass vial containing 10 mL of water, with or without 5 mg L-Phe (Duchefa, Haarlem, the Netherlands), and headspace was collected during the day (08.00-16.00 h) and night (16.00-08.00 h). Flowers were weighed prior to the collection of emitted volatiles from detached petunia flowers. To assess the internal pools of volatiles, control and Pap1-transgenic flowers collected at 16.00 h were placed in a glass vial containing 10 mL of water, with or without L-Phe, and, at 23.00 h, volatiles were extracted from the tissue (0.5-1.5 g fresh weight) as above.
Gas chromatography-mass spectrometry (GC-MS) analysis of volatile compounds
GC-MS analysis of volatile compounds collected and extracted as described above was performed using a device composed of a Pal autosampler (CTC Analytic, Zwingen, Switzerland), a TRACE GC 2000 equipped with an Rtx-5SIL MS (Restek; inside diameter, 0.25 µm; 30 m × 0.25 mm; Bellefonte, PA, USA) fused-silica capillary column, and a TRACE DSQ quadrupole mass spectrometer (ThermoFinnigan, Hemel Hempstead, Hertfordshire, UK). Helium was used as the carrier gas at a flow rate of 0.9 mL/min. The injection temperature was set to 250 °C (splitless mode), the interface to 280 °C and the ion source adjusted to 200 °C. The analysis was performed under the following temperature programme: 5 min of isothermal heating at 50 °C, followed by a 5 °C/min oven temperature ramp to 260 °C, and a final increase from 250 to 280 °C at 10 °C/min. The transfer line temperature was 280 °C. The system was equilibrated for 1 min at 70 °C before injection of the next sample. Mass spectra were recorded at two scans per second, with a scanning range of 40 -450 mass-to-charge ratio and an electron energy of 70 eV. Compounds were tentatively identified (> 95% match) based on the National Institute of Standards and Technology/Environmental Protection Agency/National Institutes of Health (NIST/EPA/NIH) Mass Spectral Library (Data Version: NIST 05, Software Version 2.0d) using the XCALIBUR v1.3 program (ThermoFinnigan) library. Further identification of the compounds was based on a comparison of mass spectra and retention times with those of authentic standards (Sigma, Milwaukee, WI, USA) analysed under similar conditions.
Analytical methods for the identification and quantification of non-volatile phenylpropanoid compounds
For the quantification of Phe pool size, tissue (0.5-1.5 g fresh weight) was extracted with methanol, followed by phase separation with chloroform and water (10 mL methanol : 5 mL chloroform : 6 mL water). Amino acids in the aqueous phase were purified by Dowex-50-H + ion-exchange chromatography. The pool size of Phe was quantified by GC-MS of N(O,S)-heptafluorobutyryl isobutyl amino acid derivatives, using α-amino-n-butyrate as an internal standard (Boatright et al., 2004) . To determine the labelling of the endogenous non-volatile intermediate metabolites, limbs of control and Pap1-transgenic petunia were extracted with methanol and analysed by liquid chromatography-mass spectrometry (LC-MS). Prior to injection into the mass spectrometer, the extracted compounds were separated using a Supelco Discovery HS C 18 column (15 cm × 2.1 mm inside diameter) attached to a Waters 2690 separations module (Milford, MA, USA) with attached column oven. Compound elution was monitored at 210 and 280 nm with a Waters 996 UV/visible photodiode array detector. Complete baseline separation was achieved at a flow rate of 0.25 mL/min with the column incubated at a constant temperature of 40 °C. Solvent A was 0.05% formic acid in water; solvent B was 100% acetonitrile. The column was pre-equilibrated with 5% solvent B in solvent A. After injection of up to 25 µL of aqueous sample, the column was washed with 0.5 mL of preequilibration solvent. Compounds were eluted from the column with a linear gradient of 5%-66% solvent B over 13.75 mL. The column was then washed by increasing solvent B to 100% (linear gradient in 0.75 mL) and holding at 100% solvent B for 0.75 mL. The column was then re-equilibrated by returning it to 5% solvent B (over 0.75 mL), followed by a 2.5-mL wash with this solvent. The total run time was 70 min (Boatright et al., 2004) .
In vivo isotope labelling of benzaldehyde
Stable isotope labelling (Boatright et al., 2004) was conducted in a glass container by placing the cut surface of excised limbs of petunia 
See text for gene definitions.
flowers (total of 10 limbs of 0.2 g each per experiment) on moist filter paper supplied with 75 mM unlabelled Phe combined with radiolabelled Phe (2 µL of L-Phe-ring-2 H 5 , Cambridge Isotope Laboratories, Andover, MA, USA). Volatile collection and headspace analysis were conducted as described above. Labelling experiments were started at 23.00 h, and were conducted on limbs from flowers 2 days postanthesis, when volatile emission is highest and most constant, to eliminate the effect of rhythmicity. Glass tubes containing adsorbent trap were replaced and eluted at four time points: 45, 60, 120 and 240 min from 2 H 5 -Phe feeding. Newly synthesized labelled benzaldehyde exhibited a 5-atomic mass unit (a.m.u.) mass shift. The percentage of labelling was determined at each time point as the intensity of the shifted representative molecular ion divided by the sum of the intensities for unshifted and shifted representative molecular ions.
Anthocyanin content
To determine the anthocyanin content , tissue (100 mg fresh weight) was extracted in 1 mL of methanol containing 1% (v/v) HCl. Following overnight incubation in the dark at -4 °C with shaking at 150 r.p.m., the extract was centrifuged at 10 500 g for 10 min. The anthocyanin content in the supernatant was determined using the formula A 530 -0.25A 657 , allowing for the subtraction of chlorophyll interference.
The blot was rehybridized with an 18S rRNA probe to ensure equal loading of samples. 
